The reported measurements of the angular dependence of ferromagnetic resonance spectra and their theoretical interpretation lead to the observation that a discrepancy occurs between the theory and the experiment in certain ranges of the conguration angle. This disagreement cannot be eliminated within the SmitBeljers model commonly used in the literature for the description of ferromagnetic resonance in thin lms since the main ferromagnetic resonance line observed in thin lms is not necessarily associated with the excitation of a uniform mode, as the SmitBeljers model does assume for bulk samples. Instead, we associate this line with the excitation of a surface mode or the thin-lm principal nonuniform mode. By taking into account the occurrence of a surface spin-pinning anisotropy, this assumption allows to obtain an agreement between the theoretical description of the ferromagnetic resonance and the experimental data in the whole range of angular conguration of the external eld. As an example, on the basis of this modied ferromagnetic resonance model, we make some observations on the angular resonant dependence in uniaxial thin lms.
Introduction
Ferromagnetic resonance (FMR) in thin lms is frequently studied versus the conguration of the external eld with respect to the ferromagnetic lm surface (see, e.g. [13] ). The resonance spectrum can include multiple peaks or a single peak alone. In the former case it is referred to as a spin-wave resonance (SWR) spectrum, while a single-peak spectrum is regarded as a classic ferromagnetic resonance one. In this paper we discuss the congurational dependence of the resonance eld of the single FMR line or, in the case of SWR, the rst main line (of the sequence of resonance lines ordered with decreasing resonance elds). Experimentalists tend to use the classic SmitBeljers (SB) resonance formula [4, 5] for the theoretical description of the dependence of the resonance eld corresponding to this main FMR line on the angle θ H between the lm normal and the external eld. However, very often the H exp res (θ H ) dependence found in the experiment proves to dier from the theoretical dependence H S−B res (θ H ) calculated in the SmitBeljers model in certain ranges of θ H . In this study we discuss the possible causes of this interpretational discrepancy.
The rst observation to be made in our considerations is that the SB formula was originally derived for bulk materials, large enough to neglect the eect of boundary conditions and therefore assume that a so-called uniform mode, with wave vector k[k x , k y , k z ] ≡ 0, is excited in the FMR. However, this assumption cannot be made without reservations in the case of thin lms. Even when the lm is very large in the directions parallel to its surface we can at most assume k ∥ [k x , k y ] ≡ 0; a similar assumption * corresponding author; e-mail: henpusz@amu.edu.pl for the wave-vector component perpendicular to the lm would be unjustied. We must assume that in general
It is a well-known fact that the boundary conditions implied by the occurrence of the two surfaces in a thin lm determine the allowed sequence of k ⊥ values associated with the respective standing spin waves that form in the direction perpendicular to the lm. In this sequence, the wave number k ⊥ corresponding to the principal harmonic or the fundamental mode, corresponding to the strongest resonance eld is not necessarily identical with zero; in general we must assume that, due to the by Beaujour et al. [10, 11] . We shall regard the free energy E of the sample as the sum of the Zeeman, demagnetization and uniaxial anisotropy energies
where M is the magnetization, H is the applied magnetic eld, n denotes a unit vector in the direction normal to the lm surface, u is a unit vector in the direction of the easy-magnetization axis, and K denotes the eective uniaxial anisotropy constant. We shall henceforth assume u = n; thus, the free energy can be expressed as
In the derivation of the above formula we have assumed that the lm surface denes the (x, y) plane; z is the direction normal to this plane; θ and θ H are the angles between the magnetization M or the external eld H, respectively, and the normal to the lm surface; both M and H are assumed to lie in the (z, y) plane. The Smit
Beljers resonance formula reads [4, 12] :
where ω is the angular resonance frequency, and γ (= gµ B / ) is the gyromagnetic ratio. The following congurational resonance condition (that allows also for the perpendicular conguration of the external eld, θ H ≡ θ = 0) results from (2) and (3):
for a given direction θ H of the applied magnetic eld the equilibrium position θ of the magnetization is calculated from the condition ∂E/∂θ = 0 and is given by the rela-
Let us introduce, for convenience, a quantity referred to as eective demagnetization eld M eff , dened [10, 11] as:
To realize well the limitations to be taken into consideration when the SmitBeljers resonance formula (4) is used in the theory of thin lms, let us refer now to the microscopic theory of ferromagnetic resonance in thin lms.
The pertinent case of thin lm with a perpendicular uniaxial anisotropy is considered within the microscopic model in our earlier papers [9, 13] , which we shall now refer to. In these papers the uniaxial anisotropy energy is expressed by the following single-ion term of the Hamiltonian:
where lj denes the position of the given spin: l labels the atomic plane (parallel to the lm surface) and j is a two-dimensional vector dening the position of the spin in the l-th plane; D(l) denotes the single-ion uniaxial anisotropy constant for a spin in the l-th atomic plane. Now, the resonance condition obtained in [9] 
we shall use as the basis the following identity relations between the microscopic and macroscopic quantities for the eective demagnetization eld and the exchange constant, respectively
The meaning of the microscopic quantities (at the right side of the above equalities) introduced in [9] is the following: D is the uniaxial (single-ion) anisotropy constant, S denotes the spin (in units), J is the nearest-neighbor exchange integral, 2z ⊥ is the number of nearest neighbors lying in adjacent atomic planes, and a denotes the lattice constant. Expressed by the macroscopic quantities introduced above, the resonance condition obtained within the microscopic model in [9] becomes now
where D ex is the exchange constant, and k ⊥ denotes the wave number of the standing spin wave. Note that Eq. (9) is known in the literature for years (cf., e.g. 
The additional exchange energy term introduced above, the formula for the surface parameter can be derived in a way analogical to that presented in our earlier paper [13] .
In the case considered here the result is
where D b and D s denote the bulk and surface microscopic uniaxial anisotropy constants, respectively. Now, using the identity relations (8) we get the formula in which the surface parameter is expressed by macroscopic quantities 
Conclusion
In the present paper we argue that the SmitBeljers resonance formula can only be applied to thin lms without surface anisotropy, i.e. with surface spins pinned to fundamental mode (see (10) ).
We have also demonstrated that in the case of uniaxial surface anisotropy the nature of the fundamental mode in the thin lm changes with the conguration of the external magnetic eld with respect to the lm surface: it is a bulk mode in some ranges of the conguration angle, but in other ranges the fundamental mode is of surface localized character. This nding allows to hope that the disagreement observed between the experimental and theoretical (based on the classical SB formula) congurational dependences of the resonance eld of the main FMR line will be eliminated if the main resonance mode is assumed to be in general nonuniform. Moreover, an appropriate tting procedure when used for the elimination of this discrepancy can yield precious information on the nature of the surface anisotropy. We shall discuss this problem in another paper.
